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Abstract
We investigate transport through mechanically triggered single-molecule switches
that are based on the coordination sphere dependent spin state of FeII-species. In
these molecules, the relative arrangement of two terpyridine ligands within homolep-
tic FeII-complexes can be, in certain junction configurations, mechanically controlled.
Mechanical pulling may thus distort the FeII coordination sphere and eventually mod-
ify their spin state. Using the movable nano-electrodes in a mechanically controlled
break-junction at low temperature, current-voltage measurements, at cryogenic tem-
peratures, support the hypothesized switching mechanism based on the spin-crossover
behavior. A large fraction of molecular junctions formed with the spin-crossover-active
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FeII-complex displays a conductance increase for increasing electrode separation and
this increase can reach one to two orders of magnitude. Theoretical calculations pre-
dict a stretching-induced spin transition in the FeII-complex and a larger transmission
for the high-spin configuration.
Keywords
Spin-crossover Switch, Nanoscale Transport, Molecular Spintronics, Density Functional The-
ory
Control over the molecular conductance by means of an external stimulus is an interest-
ing concept in molecular scale electronics and different single-molecule switches are known
in literature.14 In the most common design, the molecule contains chemical groups that
can switch between two or more stable configurations, like dithienylethene or azobenzene
groups.59 Depending on the system, the conductance can be tuned by means of light, 10,11
mechanical manipulation, 1215 electrochemical gating, 16,17 the applied bias voltage 18 or by
the current.6,19
The spin-crossover (SCO) phenomenon 2022 can lead to bistability, as was observed recently
in some metal-containing molecules and compounds. 2325 A spin-crossover molecule exhibits
two different ground states, each of them stable under certain conditions and characterized
by different values of the molecular spin. Among the various metal atoms, iron(II) complexe's
are the most investigated ones. 26 When the iron atom is surrounded by an octahedral ligand
environment (ligand field), its five spin-degenerate 3d levels split into a doublet and a triplet,
as shown in Figure 1b. The filling order of these levels, with the six electrons of FeII, depends
on the ratio between the ligand field energy, ELF, and the spin exchange energy, EEXC. If
ELF  EEXC, the electrons are all paired up and the triplet is completely filled, giving a total
spin S=0. In the opposite case, EEXC  ELF, the levels are filled according to Hund's rule
and the spin is maximized reaching a value S=2. The first case is defined as the low-spin
(LS) state and the second one as the high-spin (HS) state. Different stimuli, like pressure or
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Figure 1: Two-terminal mechanically controlled single-molecule junction. a) Sketch
of the FeII-based SCO molecular junction in the ideal arrangement to trigger the LS to HS
switch by separating the electrodes by ∆x. b) IronII 3d levels involved in the spin-crossover
phenomenon. c) Schematic illustration of a mechanically controllable break junction (MCBJ)
set-up (bottom) with the molecule placed in the junction as sketched in (a). A freely sus-
pended gold bridge, built on a flexible substrate, is elongated upon bending the substrate in
a mechanically controlled three-point bending mechanism. The predefined breaking point of
the gold structure is enlarged on the top of the figure at different stages of the experiment:
(I) elongation of the gold wire with the help of the pushing rod and two opposing counter
supports (see bottom of the figure). (II) Rupture of the gold wire resulting in the formation
of two gold nano-electrodes facing each other. (III) The metal complex may bridge both
nano-electrodes and (IV) eventually one could manipulate the spatial arrangement of the
complexe's ligands by stretching of the junction. After the final rupture of the junction the
electrodes can be moved toward each other (V) to start a new experiment.
temperature, have been used to vary the ratio EEXC/ELF to control the SCO state. Apart
from the total spin, the LS and HS states present differences in geometry, electronic structure
and HOMO-LUMO gap energy. According to theoretical predictions 27 and low-temperature
scanning tunnel microscopy (STM) experiments, 23,24 the HS state is more conducting than
the LS state.
In our study, we propose to modify the spin state of FeII terpyridine complexes mechani-
cally. The concept and the molecular design are displayed in Fig. 1. The SCO active center
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is the FeII complex 1, consisting of two terpyridine (tpy) ligands which are further phenyl
functionalized in 4 and 4 positions. For each ligand, one of both phenyl rings is decorated
with a thiol group in the paraposition as anchor group which is known to have considerable
mechanical stability on gold electrodes. 2830 In certain junction arrangements the geometry
of the coordination sphere provided by the two terpyridine ligands should depend on the
electrodes spacing and thus become tunable by mechanical manipulation.
The intended SCO-based switching mechanism is sketched in Fig. 1a-c. When the tpy lig-
ands are arranged perpendicularly, the complex is in the LS state. Upon increasing the
electrode separation the ligands are pulled further apart and the distortion of the perpen-
dicular arrangement of the two tpy ligands leads to a reduction of ELF. For large enough
distortion the exchange energy will dominate over the ligand field energy thereby triggering
the switch from the LS to the HS state. With both ligands bearing the thiol anchor group in
the para-position with respect to the coordinating pyridine nitrogen, the coordinated central
ion is part of the current path, and alterations in its spin state are expected to be reflected
in the junctions transport characteristics. 23,24,31 In order to trace the SCO nature of the
phenomenon we also investigate the corresponding RuII complex 2, which due to the consid-
erable larger crystal field strength is expected not to be subjected to mechanically triggered
spin alterations.
For the synthesis of the tpy ligand and the corresponding complexes 1 and 2, we mainly
adapted already reported procedures 25,32 and the corresponding protocols are provided in
the supporting information together with the analytical data. To contact the molecule 1 or 2
we use a mechanically controlled break junction (MCBJ) providing two gold nano-electrodes
of adjustable distance. Figure 1d shows a schematics of the MCBJ setup together with a
sketch of the molecular junction formation.
Briefly, an MCBJ sample consists of a gold wire deposited on top of a flexible substrate (I).
Bending the substrate results in the thinning of the wire until its rupture, which leaves two
sharp gold extremities facing each other (II). The two tips can be used as nano-electrodes
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and eventually a molecule can bridge the gap (III); for specific junction arrangements, the
geometry of the complexe's can be changed by separating the electrodes (IV) until the rup-
ture of the molecular junction. During the stretching of the wire, we measure current-voltage
(IV) characteristics at each position in steps of 0.02 nm, until the noise level of the setup
is reached (I ∼ 20 pA). By pushing the electrodes together we reform the wire (V) and a
new breaking experiment can start by repeating the above procedure. All the measurements
were performed in high vacuum (p ∼ 10−7 mbar) and cryogenic temperature (T ∼ 6 K).
Before each experiment we deposit the target molecule on the MCBJ sample by fully im-
mersing, for 4 hours, the sample in a vial containing a 1 mmol/l solution of the protected
thiol-bearing species. After that time we remove the sample from the solution, we rinse it
with pure solvent (acetonitrile) and mount it in the MCBJ setup. The setup is evacuated
and then cooled in a liquid helium bath.
After the rupture of the gold wire, in the presence of molecule 1, in 84% of the traces (525
out of 624), the conductance decays exponentially as a function of displacement. This be-
havior, typical of vacuum tunneling, indicates that no molecule bridges the electrodes. In the
remaining 16% of the traces (99 traces; a typical yield for these measurements) the presence
of plateaus and steps and the absence of an exponential and monotonous decrease in the
conductance versus distance indicate that a molecule is bridging the electrodes. Plots of the
conductance versus electrode displacement, often show an increase in the molecular conduc-
tance during the stretching in case of junctions formed with molecule 1; a few examples are
shown in Fig. 2a. Among the 99 molecular junctions, 55 traces show a conductance increase
while stretching, corresponding to 56% of the molecular junctions. The increase can be more
than one order of magnitude, see section 7 of the supporting information for the collective
plots of the conductance traces falling in each category and for a comparison.
Junctions formed with the reference molecule 2, where the central FeII ion is substituted by a
RuII ion, show substantially less frequently an increase in the conductance versus electrode-
displacement traces and the increase is less pronounced. In 111 molecular junctions formed
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only in 16 traces an increase in conductance during the stretching is present, corresponding
to 14% of the molecular junctions. Typical conductance-displacement traces are shown in
Fig. 2b. Figure 2c displays the statistics for molecules 1 and 2. The statistics indicates that
the observation of an increase in conductance versus stretching is both more frequent and
more pronounced in the junctions formed with the Fe-complex with respect to the ones with
the Ru-complex.
To quantify the conductance increase we extract from each conductance trace the ratio be-
tween the low-conductance value, where the conductance starts to increase, and the highest
conductance reached after stretching. Figure 3a presents histograms of the high/low conduc-
tance ratio extracted for all 55 and 16 junctions exhibiting a conductance increase, formed
with molecules 1 and 2 respectively. The x-axis is binned logarithmically. For molecule 1
the skewed distribution presents a tail that reaches values near 70, whereas for molecule 2
the distribution vanishes beyond 7. From the histograms it is evident that the molecular
junctions formed with Fe-complexes show on average a larger increase in conductance versus
stretching than the Ru-complex junctions. In order to make the differences between the
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Figure 2: Conductance measurements. a-b) Three examples of conductance traces as a
function of electrode displacement measured respectively in the presence of the FeII-complex
and RuII-complex. c) Junction-formation statistics and percentage of molecular junctions
showing a conductance increase.
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Figure 3: Statistics of conductance increase. a) Histogram of the values of increase in
conductance for molecular junctions containing Fe (top) and Ru (bottom) complexes. The
x-axis is binned logarithmically. b) Difference between the conductance ratio histograms of
FeII and RuII after normalization (see supporting information).
FeII and RuII molecules clearer, we subtracted the normalized histogram recorded for the
RuII junctions from the histogram obtained for the FeII junctions (see section 10 of the sup-
porting information for details about the histograms subtraction). The resulting histogram,
in Fig. 3b, clearly shows the larger number of counts in the case of FeII at large values of
increase in conductance.
Finally, we study the transition from the LS state to the HS state theoretically, using
density functional theory (DFT) calculations. For both states individually, we perform a
geometrical relaxation of the FeII complex 1 in gas phase. Then we stretch or compress the
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molecule by changing the distance between the sulfur atoms, perform a geometric relaxation
and calculate the energies. For this calculation we use the ADF quantum chemistry package
with a TZP-basis of atomic orbitals and the B3LYP functional. In Figure 4a, we plot the
energy for the low-spin and high-spin states as a function of the separation between the sul-
fur atoms. We define the separation of 16.03 Å as the zero, corresponding to an angle of 90◦
between the two tpy-subunits. For short stretching distances up to 3 Å, the LS state is more
favorable. At a stretching of 3.5 Å a cross-over to a regime where the HS state is the stable
one occurs. The relaxed molecular geometries for both states are shown in figure 4b for a
sulfur-sulfur separation respectively of 16.03 Å (LS) and 20.52 Å (HS). The angle between
the two tpy central units is equal to 90◦ and 101◦ respectively.
To analyze the transport properties of the two states, we perform self-consistent DFT-NEGF
calculations for the molecules attached to a FCC (111) gold surface. For our calculations
we use a TZP-basis of numerical atomic orbitals on the molecule, a SZ-basis of numerical
atomic orbitals on the gold atoms and the GGA PBE functional in our implementation of
the NEGF-based transport in the ADF/Band quantum chemistry package. Figure 4c com-
pares the mean transmissions for the LS and HS states as a function of the energy, with the
Fermi energy at 0 eV. In the region of the HOMO-LUMO gap, between 0 eV and 1.5 eV,
the HS state shows a larger transmission than the LS state. We further notice that the HS
state transmission shows a certain degree of spin-polarization, evidenced in Fig. 4b, while
the LS transmission is not spin-polarized (see also section 9 in the supporting information).
Thus, the calculations predict for the FeII complex 1 the presence of a stretching-induced
SCO transition that is accompanied by an increase in conductance when going from the LS
to the HS state.
Apart from the HS-LS transition, predicted in the case of the FeII complex 1, other
mechanisms can increase the conductance of a molecular junction while stretching the elec-
trodes.33,34 Bruot et al.15 found that even simple molecules like benzene dithiol immobilized
in molecular junctions formed with gold electrodes at low temperature, can show a conduc-
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Figure 4: Theoretical calculations. a) Energy of the LS and HS states as a function of
stretching distance found from DFT calculations. b) Relaxed geometries of the LS and HS
states at the stretching distance of 0 Å and 4.5 Å respectively. c) Total transmission of the
LS and HS geometries shown in (b) in a metal-molecule-metal configuration calculated with
self-consistent DFT-NEGF. The shaded areas correspond to spin polarized transmission for
up (orange) or down (green) spin electrons. The Fermi energy of the contacts is at 0 eV.
tance increase while stretching. This conductance modulation is attributed to a stretching-
induced better alignement of the HOMO with the Fermi energy of the electrodes. If this
more favorable level alignment compensates the decrease in electronic coupling, the conduc-
tance will increase for larger displacement. Although we cannot exclude that this mechanism
may also plays a role here, we expect that the level shifts are smaller in our more extended
molecules.
Alternatively, in the molecules studied here, the tpy ligands may also be important for charge
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transport from one electrode to the other. Specifically, the angle Φ between the two flat tpy
groups (indicated in Figure 1a) can influence the transport through the molecule. 35,36 Con-
sidering the overlap of the two tpy pi-systems, in a first approximation, the closer the angle is
to 90◦ the smaller the conductance of the molecule, 37 independently from the central metal
atom species. Figure S29 of the supporting information shows the transmission calculated
for the FeII complex in a stretched configuration (stretching distance of 4.5 Å, see Fig. 4a).
These calculations indicate that the transmission of the low-spin complex increases as the
molecule is stretched. Thus, this mechanism can occur for both Fe and Ru molecules, irre-
spective of the SCO transition, with the central metal ion acting exclusively as a mechanical
joint between both tpy ligands 38 and not as a charge transport channel. The increased cou-
pling bertween the two terpy groups can explain the increase in conductance observed in
some of the junctions formed with the RuII complex, where a SCO is not expected.
In summary, we have studied transport through mechanically switchable FeII spin crossover
molecules. Using mechanically controllable gold nano-electrodes we monitor the zero-bias
conductance while stretching the electrodes. In more than half of the molecular junctions
an increase in conductance that can reach two orders of magnitude has been observed. To
understand the origin of this conductance feature we investigated a reference compound that
contains a RuII ion for which a SCO transition is not expected to occur. In the RuII an in-
crease in conductance versus stretching is also observed but substantially less frequently and
when it occurs, the increase is on average smaller than for the FeII case. The comparison
between the two metal centers suggests that small conductance increases can be induced by
stretching these molecules independently from the central atom type, but that the inclusion
of the SCO-active FeII ion gives larger and more frequent conductance increases. Theoretical
calculations indicate that the SCO transition can be triggered by pulling on the terminal
sulfur atoms of the FeII complex and that the high-spin state, energetically more favorable
in the stretched molecule, has a larger zero-bias conductance than the low-spin state.
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